Turning experiments were conducted on a novel aluminum alloy (LM6)/fly ash composite based on the response surface and face centered central composite design methodology. The effects of cutting parameters on surface roughness and tool wear were investigated. Multiple regression models were developed for the responses and the adequacies of the developed models were tested at 95% confidence interval using the analysis of variance (ANOVA) technique. Carbide inserts (Model: CNMG 120408-M5) were used for turning the specimens in a CNC turning machine (model: LT-16). The test for significance of the regression models, the test for significance on individual model coefficients and the lack-of-fit tests were performed using the statistical Design-Expert7.0v software environments. R2 indicated the model significance and the value was more than 97%, revealed that the relation between cutting responses and input parameters held good for more than 97% and the model was adequate.
Introduction
Waste fly ash reinforced aluminum matrix composites (AMC) are significant for their light weight, superior tribological properties, low material costs, savings in ash disposal costs, energy savings, environmental benefits and good corrosion resistance behavior , for which they are increasingly being used in automobile, marine and aerospace industries (Anasyida et al., 2010) .Due to some enormous properties like high wear resistance, low thermal expansion coefficient, good corrosion resistance, and improved mechanical properties at a wide range of temperatures, the Al-Si alloy was normally selected as matrix material (Saheb et al., 2001) . Some researchers evaluated the mechanical properties (Rohatgi et al., 2002; Bienias et al., 2003; Zuoyong Dou et al., 2007) , thermal properties , damping properties (Wu et al., 2006) and tribological properties (Surappa, 2008) with the use of fly ash as reinforcement in aluminum matrix composites (Senapati et al., 2015) . However, these are difficult-to-machine materials due to the presence of very hard and brittle reinforcements, which also leads to their poor machinability involving high tool wear and surface imperfections (Li & Seah, 2001; Manna & Bhattacharyya, 2005) . Sahoo et al. (2013) presented the development of Al/SiCp (10%weight) metal matrix composite through a conventional casting process and studied its machinability characteristics in turning using multi-layer TiN coated carbide insert under dry environment based on Taguchi'sL9 orthogonal array. Abrasion was found to be the dominant wear mechanism from the experimental study. Udaya Prakash et al. (2013) investigated the effect of parameters like gap voltage, pulse on time, pulse off time, wire feed and percentage of reinforcement on the response material removal rate as well as surface roughness while machining Al413/fly ash/boron carbide hybrid composite using wire electrical discharge machining. Shanmugha Sundaram and Subramanian (2013) experimentally investigated on the surface roughness of pure commercial Al, Al-15 wt% fly ash, and Al-15 wt% fly ash/1.5 wt% graphite (Gr) composites produced by modified two-step stir casting. The effect of reinforcements and machining parameters such as cutting speed, feed rate, and depth of cut on surface roughness, which greatly influence the performance of the machined product, were analyzed during turning operation. Rao et al., (2014) investigated the machining behavior of Al6061-flyash composite in Jobber XL CNC by using M2 grade HSS and K10 grade carbide inserts as cutting tools. The investigated result conclude that the increased fly ash content in the composites of Al6061 reduces the premature failure of the cutting tool by reducing built up edge formation. K10 grade carbide insert cutting tool is preferred for machining of the Al6061-flyash than that of M2 grade HSS. Charles et al., (2006) developed a mathematical model for machining of hybrid aluminum composites reinforced with SiC and fly ash particles using five level factorial design concepts. They used analysis of variance (ANOVA) technique to calculate the regression coefficients as well as to check the significance of the developed model. They observed that surface roughness increased with increasing the vol. % of SiC particles and current but decreased with increase in pulse duration. Banerjee et al., (2008) used a face centered central composite design approach to develop a mathematical model for material removal rate and surface roughness. A total eighteen experiments were conducted based on the design matrix and the model was found to be adequate. According to the model developed, the surface roughness increased when the pulse on time was increased. Mishra et al., (2015) reported the ANOVA results for grey relational grade indicated that feed was the only significant machining process parameter for the multi-response characteristics under consideration. This paper describes the mathematical model developed by Multiple Linear Regression Analysis to predict the machinability characteristics at 95% confidence level by response surface and face centered central composite methodology. The results are analyzed using ANOVA technique, i.e. average surface roughness (Ra)and tool wear (VBc), while turning the composite in dry environment for the same machining parameters.
Materials & Methods
Aluminum-silicon alloy(LM6) matrix composite reinforced with 15 wt. % flyash (of average particle size 19.338 µm) was used as work material for turning. Chemical composition test result of the matrix alloy and reinforcement are shown in Table 1 and Table 2 . For the as received flyash, the micrograph measured by Scanning Electron Microscope (Make: JEOL, Model: JSM-6480LV) and particle size measured by particle size analyzer, (Make: Malvern, Model Micro-P) as shown in Fig.1 . The composite was fabricated by conventional stir casting method in an electrical resistance furnace, mounted with a speed regulated stirring system and temperature controller. The components of the composite fabrication setup are shown in Fig. 2 . As received Al-Si alloy ingots were cleaned properly to eliminate the surface impurities and cut into proper sizes. The proper sizes of Al-Si alloy are weighed in requisite quantities and are charged into a vertically aligned pit type bottom poured melting furnace. Flyash was preheated to 650 0 C±5 0 C before pouring in to the melt of aluminum-silicon alloy by using muffle furnace to remove residual moisture and to improve wetability. The pit type bottom pouring furnace temperature was first raised above the liquidus temperature of Al-Si alloy near about 750 0 C to melt the Al-Si alloy completely and was then cooled down just to below the liquidus to keep the slurry in semi-solid state. An argon atmosphere was maintained in the furnace throughout the process so as to avoid the pre-oxidation. The molten metal was stirred with a boron nitride (BN) coated stainless steel rotor at a speed of 600-650 rpm. A vortex was created in the melt because of stirring where the preheated flyash was poured centrally into the vortex. The rotor is moved down slowly, from top to bottom by maintaining clearance of 12 mm from the bottom. The rotor was then pushed back slowly to its initial position. The pouring temperature of the liquid is kept around700 0 C.Casting was made in cylindrical (i.e, diameter: 30mm and length: 300mm metal moulds. The melt was allowed to solidify in the moulds and cooled to room temperature. Scanning electron microscopy (SEM) graph along with energy dispersive X-ray spectroscopy (EDAX) analysis confirms the presence of unreacted carbon in the matrix as shown in Fig.3 . A notable difference is observed in optical micro graphs of virgin Al-Si alloy and AMC reinforced with fly ash. Turning experiments were conducted by a CNC lathe(Make: ACE Designers, Model LT-16) with an accuracy level of 10 microns and carbide inserts of geometry CNMG 120408-M5, manufactured by SECO where main composition is tungsten carbide 94% WC and cobalt 6% Co as binder. The inserts are rigidly mounted on a right hand style tool holder designated by ISO as PCLNR2020K12.Experiments were conducted in dry machining environments. Fig. 4 depicts the turning setup in dry machining environment. Machining process parameters and their levels used for turning the composite are presented in Table 3 . 
Design of experiments
In machining, the influence of cutting speed, feed rate and depth of cut on cutting tool wear behavior of virgin Al-Si alloy and metal matrix composite prepared with fly ash was investigated. The turning experiments were conducted based upon the combined response surface (RS) and face centered Central Composite Design (CCD) methodology. In the response surface methodology (RSM), the quantitative form of relationship between desired response and independent input parameters could be represented as (Montgomery, 1990) .
where y is the desired response, f is the response function (or response surface), x1, x2, x3…xn are the independent input parameters and err is fitting error. The approximation of f will be proposed using the fitted second order polynomial regression model, called the quadratic model. The quadratic model of f can be written as following (Montgomery & Peck, 1992) .
where Y is the corresponding response and Xi are the values of the i th machining process parameters. The terms b…. are the regression coefficients and the residual err measures the experimental error of the observations. This assumed surface Y contains linear, squared and cross product terms of parameters Xi's. In order to estimate the regression coefficients a number of experimental design techniques are available. Box and Hunter (1957) have proposed that scheme based on central composite rotatable design fits the second order response surface very accurately. Let the points (0, 0 ….0) represent the centre of the region in which the relation between Y and X is under investigation. From the result of any experiment the standard error, err of Y can be computed at any point on the fitted surface. This standard error will be a function of the co-ordinates Xi's of the point. Due to rotatability condition this standard error is same at all equidistance points with the distance ρ from the centre of the region i.e. for all points for which (Cochran & Cox, 1962) :
The components of Central Composite Second Order Rotatable Design for different number of variables are shown in Table 4 .
Table 4
Face centered central composite design matrix Design Expert Software version 7.0 is used to develop the experimental plan for RSM. During machinability study, the machining parameters such as the cutting speed (s), feed rate (f) and depth of cut (d) are selected as the independent input variables. The desired responses are the surface roughness (Ra) and tool wear (VBc) which are assumed to be affected by the above three principal machining parameters. The response surface methodology is engaged for modeling and analyzing the machining parameters in the turning process so as to obtain the machinability performances in terms of surface roughness (Ra) and flank wear (VBc). A rotatable central composite design is selected for the experimentations. It is the most extensively used experimental design for the modeling a second -order response surface. For a given number of variables, the required to achieve ratability is computed where nf is the number of points in the 2k factorial design (k is the number of factors). Rotability refers to the uniformity of prediction error. In rotatable designs, all points at the same radial distance (r) from the center point have the same magnitude of prediction error. A rotatable CCD consists of 2k fractional factorial points, augmented by 2k axial points and nc, centre points (0, 0, 0, 0…, 0) the centre points vary from three to six. In this experimentation, eight (2x3) factorial points, six axial points (2x3) and six centre runs, a total of 20 experimental runs have been considered. A randomized experimental run has been carried out to minimize the error due to machining set-up and the regression models were obtained and analyzed using analysis of variance (ANOVA).
Results and discussion

Experimental data
The turning experiments were conducted, with three levels of cutting parameters as provided in Table 3 to investigate the their effect on the surface roughness and tool wear as the responses. The experimental data are presented in 
Multiple regression predictive models for surface roughness and tool wear 4.2.1 Selection of adequate model
The adequacy of the model for Al-Si Alloy and AMC prepared with fly ash, was decided by performing sequential model sum of squares. Table 6 and Table 7 show the sequential model sum of squares test data for two different materials to select an adequate model to fit the surface roughness and tool wear. The sequential model sum of squares test in each table shows, how the terms of increasing complexity contribute to the model. Results from Tables 6 and Table 7 indicated quadratic models for surface roughness and tool wear of the test samples. 
Analysis of variance
The adequacy of the developed models are tested at 95% confidence interval using the ANOVA technique, and the results of the quadratic order response surface model fitting in the form of ANOVA are given in Tables 8 and 9 for surface roughness and Tables 10 and 11 for tool wear in the tested Al-Si alloy and composite specimens respectively. Tables 8, 9 , 10 and 11 show the values of coefficient of determination R 2 are nearly equal to 1. The adjusted coefficient of determination R 2 is variation of the ordinary R 2 statistic that reflects the number of factors in the model. The entire adequacy measures are closer to 1, which is in reasonable agreement and indicate adequate models. The adequate precision 'Adeq Precision' compares the range of the predicted value at the design points to the average prediction error. Adequate precision measures signal to noise ratio. In the present data, the value of adequate precision is significantly greater than 4 which are desirable. The adequate precision ratio above 4 indicates adequate model discrimination. The experimental data also reveals an improved precision and reliability of the conducted experiments. Prediction error sum of squares (PRESS)values are considerably small. Tables 8, 9 , 10 and 11 also presents that the values of 'Probability > F' in for all models are less than 0.0500, indicate that all the models are significant. The 'Lack-of-fit' value implies that the 'Lack-of-fit' is not significant relative to the pure error. From the above analysis, it has been asserted that the developed models are well within the limits and can be used for the prediction of responses. 
The developed predictive model
The normal probability plots as shown in Figs. 5 and 6 for the surface roughness and Figs. 7 and 8 for the tool wear reveals that the residuals fall in a straight line i.e, the errors are distributed normally. The Independence of the data was tested, by plotting a graph between the residuals, and the run order for surface roughness and tool wear confirms that there is no predictable pattern observed, because all the run residues lay on or between the levels. The validity of these models was tested. For both the specimens, the predicted values of the response variables were fairly close to the corresponding experimental values. The models were adequate as represented by the points falling on a straight line in the normal probability plot. The errors were normally distributed confirmed a good-fit model. Also, the plot of the residuals versus the predicted surface roughness and tool wear is structure less i.e. containing no obvious pattern.
Multiple linear regression models
The surface roughness and tool wear models were developed by using the turning experiment data listed in Table 5 for the Al-Si Alloy and AMC.
Tool wear models
For Al-Si Alloy: 
where, s is cutting speed in the range between 90 m/min to 150 m/min, f is feed rate in the range between 0.07 mm/rev to 0.21 mm/rev, d is the depth of cut in the range between 0.2 mm to 0.6 mm and are the main effects of the process variables. The combined effect of process variables i.e. interaction between the process parameters such as s and f, s and d or f and d show quantitative affect of process parameters on the surface roughness of the materials. The main effect of feed rate and depth of cut (i.e. coefficient attached to f and d) are positive in values indicating that all these parameters increase surface roughness of the material. Whereas, the coefficient attached to cutting speed in value is negative. This means, it decreases surface roughness of the material. Out of the three parameters, feed rate has the greatest effect on the surface roughness of the material. The effect of feed is 2 fold higher in comparison to the effect of cutting speed and 9 fold higher in comparison to the effect of depth of cut, varied during the experiment. The surface roughness decreases with the increase in cutting speed up to certain level and the it increase with further increase in cutting speed, because of the creation of narrow grooves on the work piece. The temperature of the work piece has increased with the increase in cutting speed, which led to weaken the binding between the reinforcement and matrix. At higher value of feed and depth of cut the surface roughness of the material decreases. This is due to work hardening of the matrix material as well as confrontation of the rotating specimen with the debris produced by the chafing action of the bar against the carbide tool. Table 5 indicates b0 value, which are positive response i.e. surface roughness value due to dry machining when all the input parameters are kept at their base level i.e. (s= 120 m/min, f= 0.14 mm/rev and d=0.4 mm). Thus, if we insert 0 for s, f and d in equations, then the response of the three materials are expressed as surface roughness. That means for the combination of operating variables at s = 120 m/min, f= 0.14 mm/rev and d=0.4 mm , computed b0 values are 3.45 for virgin Al-Si alloy in comparison to 2.98 for MMC reinforced with untreated fly ash. Tables 12 and 13 show the experimental value at the base level as well as the value for b0, calculated by using data shown in Table 5 for the surface roughness and tool wear respectively. It is observed from Tables 12 and 13 , that there is a little difference between the experimental value and the calculated value. Thus, equations developed were accurate enough to predict amount of surface roughness and tool wear which would occur for any treatment combination of the process parameters in the range of variation of variables. The theoretical values and experimental values for surface roughness and tool wear are compared and reported in Tables 14 and 15 . 
Confirmation test
Confirmation tests were conducted to validate the statistical analysis by selecting experimental conditions that are different from those employed in the analysis. The parameters used in the confirmation test for surface roughness and tool wear are presented in Tables 16 and 17 . The results of the confirmation tests are presented in Table 18 and Table 19 . Experimental results are compared with the computed values developed from the regression models. Machined surface morphology of virgin Al-Si alloy and AMC reinforced with as received fly ash were examined by the optimum process parameters with the help of scanning electron microscope (SEM: JEOL, Model -JSM-6510 ) to reveal the surface texture as depicted in Fig. 9 and Fig. 10 . The SEM image of the machined surface of the AMC reinforced with fly ash reveals that a relatively better surface finish is achieved compared with that of virgin Al-Si alloy, which has large feed marks. Given that the chips are broken by dispersed reinforcement particles during the machining of AMC composite at optimum conditions, the entrapment of chips between the work piece and tool was avoided. Therefore, BUE formation on the tool is prevented and the surface finish was enhanced. The fly ash particles however are much smaller in size compared to size of chips in pure Al-Si alloy and hence do not cause much damage to the surface. Reddy et. al. (2013) , reported that the presence of the reinforcement enhances the machinability in terms of both surface roughness and lower tendency to clog the cutting tool, when compared to a non-reinforced Al alloy.
Conclusions
1. The metal matrix composite prepared with waste fly ash has shown better machining performance in comparison to that for virgin Al-Si alloy. 2. Low values of surface roughness and tool wear were obtained for AMC at all test conditions in comparison to that of Al-Si alloy. 3. Multiple regression predictive models were developed to predict the machining responses such as surface roughness and tool wear of the AMC reinforced with waste fly ash. Good agreements between the predicted and actual responses were observed. 4. ANOVA results indicated that the values of coefficient of determination R 2 were nearly equal to 1. The adjusted coefficient of determination R 2 was variation of the ordinary R 2 statistic that reflected the number of factors in the model. The entire adequacy measured was closer to 1, which was in reasonable agreement and indicated adequate models. 5. Confirmation experiments revealed that the experimental values and calculated values from the regression equation are nearly the same with the least error (±5%). The resulting equations are capable of predicting the surface roughness and tool flank wear to an acceptable level of accuracy. 6. The SEM image of the machined surface for AMC reported a relatively better surface finish compared to that of virgin Al-Si alloy, which had large feed marks.
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